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Sequential activation of cytosolic phospholipase A2 (cPLA2) and 5-lipoxygenase (5-LO), critically regulated by extracellular signal-regulated
kinase 1 and 2 (ERK1/2)-dependent phosphorylation, mediates U937 cell survival to peroxynitrite. In contrast, a limiting factor is represented by
the parallel mitochondrial formation of H2O2 leading to suppression of the survival signaling. We now report that the inhibitory effects of H2O2
are at the level of ERK1/2 phosphorylation and involve activation of orthovanadate-sensitive phosphotyrosine protein phosphatase(s). Under these
conditions, the otherwise stimulatory effects of peroxynitrite on ERK1/2 phosphorylation are concealed by phosphatase-dependent de-
phosphorylation and the activities of cPLA2 and 5-LO are significantly reduced or suppressed, respectively. The ensuing inhibition of downstream
events preventing mitochondrial permeability transition rapidly leads these cells to death. Thus, endogenous H2O2 limits U937 cell survival to
peroxynitrite via activation of phosphotyrosine protein phosphatase(s) promoting upstream inhibition of the survival signaling critically regulated
by the extent of ERK1/2 phosphorylation.
© 2007 Elsevier B.V. All rights reserved.Keywords: Peroxynitrite; ERK1/2; Protein tyrosine phosphatase(s); H2O2; Mitochondria; Survival signaling1. Introduction
Non-toxic concentrations of peroxynitrite (e.g. 100 μM)
nevertheless commit U937 cells [1,2], or other cell types be-
longing to the monocyte/macrophage lineage [3], to mitochon-
drial permeability transition (MPT)-dependent toxicity, however
prevented by a parallel survival signaling pathway. This res-
ponse involves the sequential activation of cytosolic phospho-
lipase A2 (cPLA2) [1,2] and 5-lipoxygenase (5-LO) [4] as well as
downstream events leading to the mitochondrial translocation of
protein kinase Cα [5,6] and to the cytosolic accumulation of Bad
[5,7]. Consistently, inhibition of this signaling was invariably
associated with the mitochondrial accumulation of Bad and Bax
soon followed byMPT-dependent toxicity [5,7]. All these events
were sensitive to supplementation of downstream products of⁎ Corresponding author. Istituto di Farmacologia e Farmacognosia, Università
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doi:10.1016/j.bbamcr.2007.12.002the inhibited step. Interestingly, studies using intrinsically toxic
concentrations of peroxynitrite also provided evidence of to-
xicity dependent on inhibition of the survival signaling mediated
by secondary reactive oxygen species [8].
Collectively, these results imply that even low concentrations
of peroxynitrite commit U937 cells to death. This event, how-
ever, is not observed unless the above signaling is blunted either
directly with inhibitors of any of the above enzymatic activities
[1–6], or indirectly by excessive endogenous formation of re-
active oxygen species [8]. These species, in particular super-
oxide and H2O2, are produced in a time-dependent fashion after
peroxynitrite-dependent inhibition of complex III in a reaction
in which ubisemiquinone serves as an electron donor [9,10].
As previously described in other systems [11–13], the rate of
superoxide/H2O2 formation is dependent on the mitochon-
drial accumulation of Ca2+ [14], and remarkably enhanced by
bona fide complex III inhibitors, as antimycin A, via a Ca2+-
independent mechanism [15].
We recently reported that the mechanism whereby H2O2
promotes MPT/toxicity is, under the above conditions, in-
dependent on the damaging effects of the oxidant [8]. The
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survival signaling.
The extracellular signal-regulated kinase 1 and 2 (ERK1/2)
appears to be a potential target for the effects of H2O2 since
the activities of cPLA2 [16] and 5-LO [17] are in U937 cells
critically regulated by ERK1/2-dependent phosphorylation. In
addition, peroxynitrite fails to promote ERK1/2 phosphoryla-
tion in these cells, as observed in other cell types [18–21], and
in fact causes its inhibition [16,17].
The present study extends the above findings by providing
important information on the mechanism whereby mitochondrially
generated H2O2 promotes upstream inhibition of the survival
signaling. It appears that peroxynitrite, a potential stimulus for
ERK1/2 phosphorylation, causes its inhibition as a result of the
parallel activation of protein tyrosine phosphatases mediated by
H2O2. Inhibition of ERK1/2 phosphorylation is then associated
with reduced cPLA2 and 5-LO activities and therefore results in
suppression of the survival signaling thereby causing an immediate,
MPT-dependent toxicity.
2. Materials and methods
2.1. Cell culture and treatment conditions
U937 cells were cultured as previously described [9]. Respiration-deficient
U937 cells were isolated by culturing the cells in RPMI medium containing
400 ng/ml ethidium bromide, 110 μg/ml pyruvate, and 5 μg/ml uridine for 6 days
with changes of medium at days 2 and 4. These cells were unable to consume
oxygen in response to glucose (5 mM) or to the membrane-permeant NADH-
linked substrate pyruvate (5 mM).
Peroxynitrite was synthesized by the reaction of nitrite with acidified H2O2, as
described previously [22], with minor modifications [9]. Treatments were performed
in prewarmed saline A (8.182 g/l NaCl, 0.372 g/l KCl, 0.336 g/l NaHCO3 and 0.9 g/l
glucose) containing 2.5×105 cells/ml. The cell suspension was inoculated into 15 ml
plastic tubes (2 ml) and employed for experiments measuring cytotoxicity, enzyme
activity, mitochondrial membrane potential and formation of reactive oxygen species.
Western blot experiments were performed using 4 ml (whole cell lysates) or 20 ml
(subcellular fractionation) of cell suspension in 15 or 50ml plastic tubes, respectively.
Peroxynitrite was added on the wall of these tubes and immediately mixed to
equilibrate its concentration in the extracellular milieu. To avoid change in pH due to
the high alkalinity of the peroxynitrite stock solution, an appropriate amount of 1.5 N
HCl was also added to the wall of the tubes prior to peroxynitrite [23]. This procedure
has to be fast since peroxynitrite rapidly decomposes at neutral pH. Rotenone,
antimycin A, catalase and PD98059 were given to the cultures 3 min after
peroxynitrite. Sodium orthovanadate and 3-amino-1,2,4-triazol (ATZ) were added to
the cultures prior to peroxynitrite (30 min and 6 h, respectively).
2.2. Cytotoxicity assay
Cytotoxicity was determined with the trypan blue exclusion assay. Briefly,
an aliquot of the cell suspension was diluted 1:1 (v/v) with 0.4% trypan blue and
the viable cells were counted with a hemocytometer.
2.3. Enzyme activities
PLA2 activity was assessed by measuring [
3H]arachidonic acid (AA) release
in cells previously grown for 18 h in the presence of [3H]AA (0.5 μCi/ml,
Amersham-Pharmacia Biotech, Buckinghamshire, England). Before treatments,
the cells were washed twice with salineA (supplemented with 1mg/ml fatty acid-
free bovine serum albumin) and resuspended in the same medium at a density of
2×105 cells/ml. After treatments, the saline was centrifuged for 1.5 min at
5000 ×g and the radioactivity was determined in the supernatants with a Wallac
1409 liquid scintillation counter (Wallac, Turku, Finland).Lipoxygenase activity was assayed in the cell extracts (0.1 M HCl) using a
commercial assay kit (Cayman, Ann Arbor, MI). A separate assay employed the
Cayman Leukotriene B4 (LTB4) EIA kit to measure the formation of the 5-LO
product LTB4.
Catalase activity was assayed spectrophotometrically as described by Aebi [24].
Cells were rinsed twicewith salineA, resuspended in the samemedium at a density of
1×106 cells/ml, and finally sonicated for 15 s on ice with a Branson sonifier (20W).
This procedurewas repeated three times. The resulting homogenateswere centrifuged
for 5 min at 18,000 ×g (4 °C) and catalase activity was assayed in the supernatant.
2.4. Mitochondrial membrane potential
Cells were exposed for 3 min to peroxynitrite and for a further 7 min to
various agents and 50 nM Mito Tracker Red CMXRos (Molecular Probes
Europe, Leiden, The Netherlands). After treatments, the cells were washed and
fluorescence images were captured with a BX-51 microscope (Olympus, Milan,
Italy), equipped with a SPOT-RT camera unit (Diagnostic Instruments, Sterling
Heights, MI). The excitation and emission wavelengths were 545 and 610 nm
with a 5 nm slit width for both excitation and emission. Images were collected
with exposure times of 100–400 ms, digitally acquired and processed for
fluorescence determination at the single cell level on a personal computer using
Scion Image software (Scion Corp., Frederick, MD). Mean fluorescence values
were determined by averaging the fluorescence values of at least 50 cells/
treatment condition/experiment.
2.5. Formation of reactive oxygen species
Cells were exposed for 3 min to peroxynitrite and for a further 7 min to
various agents and 10 μM dihydrorhodamine 123 (DHR) (Molecular Probes
Europe, Leiden, The Netherlands). Cells were then processed as indicated above
(mitochondrial membrane potential) using identical conditions, except for the
excitation and emission wavelengths that in these experiments were 488 and
515 nm. Image collection and analysis were performed as described above.
2.6. Subcellular fractionation and Western blot analysis
After treatments, the cells were processed to obtain the nuclear, cytosolic and
mitochondrial fractions, as described by Ruvolo et al. [25] and Yu et al. [26].
Whole cell lysates were prepared as described by Guidarelli et al. [6]. Western
blot analysis was next performed using antibodies against pERK1/2, ERK1/2,
cytochrome c, AIF, HSP-60 (all obtained from Santa Cruz, Santa Cruz, CA), 5-
LO, phosphotyrosine and Bax (all obtained from BD Transduction Laboratories,
Lexington, KY). Details on Western blotting apparatus and conditions are
reported elsewhere [6]. Antibodies against ERK1/2 and HSP-60 were used to
assess the equal loading of the lanes.
2.7. Statistical analysis
Statistical analysis of the data for multiple comparisons was performed by
ANOVA followed by a Dunnett's test.
3. Results
3.1. Peroxynitrite-dependent inhibition of ERK1/2
phosphorylation is mediated by endogenous H2O2
A bolus of 100 μM peroxynitrite promotes in U937 cells a
DHR fluorescence response attributable to the mitochondrial
formation of H2O2 [15]. This response is barely detectable at
10 min (Fig. 1A) since, in order to prevent direct oxidation, the
fluorescent probe is added to the cultures 3min after peroxynitrite.
Thus, even assuming thatDHR is rapidly taken up by the cells, the
limited amount of time available for DHR oxidation accounts for
the small fluorescence response observed. This means that the
Fig. 1. Reactive oxygen species generated by the mitochondria in response to peroxynitrite promote ERK1/2 dephosphorylation thereby concealing an otherwise
stimulatory response. (A) Cells were exposed for 3 min to 100 μM peroxynitrite and for an additional 7 min to 10 μM DHR in the absence or presence of 0.5 μM
rotenone and/or 1 μM antimycin A. Separate cultures received only rotenone and/or antimycin A and DHR. The DHR fluorescence response was then quantified as
detailed in the Materials and methods section. (B) Cells were treated for 3 min with 100 μM peroxynitrite and for a further 7 min with the additions indicated in the
figure. Cells were then processed for Western blot analysis using an antibody against ERK1/2 phosphorylated in tyrosine 204 (pERK1/2). Blots were subsequently re-
probed for total ERK1/2. (C) Cells were exposed for 3 min to 100 mM peroxynitrite and for increasing time intervals to DHR in the absence (closed squares) or
presence (open squares) of antimycin A. The DHR fluorescence response was then quantified. (D) Cells were treated for 3 min with 100 μM peroxynitrite and
incubated for a further 2 min (lanes 2 and 5), or 7 min (lanes 3 and 6), with or without antimycin A. Separate cultures received only antimycin A. Cells were then
processed as detailed in B. (E) Cells were exposed for 3 min to 20 μM peroxynitrite and for a further 7 min to DHR alone or associated with antimycin A. DHR
fluorescence was then immediately determined. (F) Cells were exposed for 3 min to 20 μMperoxynitrite and incubated for a further 7 min with or without antimycin A.
Cells were then processed as detailed in B. The blots shown in B, D and F are representative of three separate experiments with similar outcomes. The relative amount
of pERK1/2 protein (pERK1/2/ERK1/2 ratio) was quantified by densitometric analysis and expressed as % of control. Results in A and E are the means±S.E.M. from
four separate experiments. Results shown in C are means from two duplicate experiments. ⁎Pb0.05, ⁎⁎Pb0.01 as compared to untreated cells (ANOVA).
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of H2O2 generated 10 min after peroxynitrite, which nevertheless
increases in a time-dependent fashion at least for up to 30 min
(Fig. 1C) [15]. The kinetics of H2O2 formation was remarka-
bly different when the cells were exposed to peroxynitrite in
the presence of the complex III inhibitor antimycin A (1 μM,Fig. 1C). By keeping in mind the limitations of the assay
discussed above, it appears that under these conditions H2O2
formation peaks at early times, most likely within the first 5 min.
Thus, a 10 min exposure to 100 μM peroxynitrite promotes
formation of low or high levels of H2O2 in the absence or
presence of antimycin A, respectively. An additional important
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the complex I inhibitor rotenone (0.5 μM) whereas hardly any
effect is observed after exposure to rotenone, antimycin A or the
two agents combined in the absence of peroxynitrite (Fig. 1A).
The above results, while confirming previously published
work from our laboratory [8,15], provide the background in-
formation necessary for a correct interpretation of the results of
experiments described below. It is also important to state that
these effects, as well as those that will be described below,
are entirely attributable to peroxynitrite as indicated by an array of
approaches involving addition of either the vehicle or previously
decomposed peroxynitrite. These controls were routinely run in
the experiments described in this and our previous studies and the
results are not shown here for the sake of brevity.
We previously reported that short-term exposure to 100 μM
peroxynitrite promotes inhibition of U937 cell ERK1/2 phos-
phorylation in tyrosine residues [16,17]. This notion is further
established in Fig. 1B, although basal levels of ERK1/2 phos-
phorylation were rather low. Interestingly, however, this in-
hibitory response was converted to a remarkable stimulation
of ERK1/2 phosphorylation by rotenone. The effect of rotenone
was also observed in the presence of antimycin A, which wouldFig. 2. The species promoting ERK1/2 dephosphorylation is H2O2. (A) Cells pre-exp
incubated for a further 7 min in the absence or presence of 10 U/ml catalase or boiled
legend to Fig. 1B. (B) Cells were exposed to ATZ as indicated in A and immediat
peroxynitrite, incubated for a further 7 min with or without catalase and finally
(D) Respiration-deficient cells were exposed for 3 min to 100 μMperoxynitrite and inc
H2O2. Separate cultures received only H2O2. Cells were then processed for Western b
are representative of three–five separate experiments with similar outcomes. The re
densitometric analysis and expressed as % of control. The results illustrated in B repre
to untreated cells (ANOVA).otherwise further enhance the inhibitory effects of peroxynitrite
(see below).
These results suggest that conditions associated with H2O2
release cause inhibition of ERK1/2 phosphorylation and that
this response is readily converted to hyperphosphorylation when
the formation of H2O2 is prevented.
The effects of antimycin A can be better appreciated on gels
overexposed in order to obtain darker staining of the bands, as
in Fig. 1D. The results from this experiment indicate that pe-
roxynitrite promotes time-dependent inhibition of ERK1/2 pho-
sphorylation and that this response is dramatically accelerated
by antimycin A. The complex III inhibitor, however, did not
produce effects in the absence of peroxynitrite (Fig. 1D). It may
be noted that the kinetics of H2O2 formation (Fig. 1C) and
ERK1/2 dephosphorylation (Fig. 1D) was similarly affected by
antimycin A.
Collectively, these results suggest that antimycin A promo-
tes inhibition of ERK1/2 phosphorylation via enhanced H2O2
formation. Consistently, an otherwise inactive concentration
of peroxynitrite (20 μM) promotes DHR oxidation (Fig. 1E)
and inhibition of ERK1/2 phosphorylation (Fig. 1F) in cells
supplemented with the complex III inhibitor.osed for 6 h to 10 mM ATZ were treated for 3 min with 20 μM peroxynitrite and
catalase. Cells were then processed for Western blot analysis as indicated in the
ely assayed for catalase activity. (C) Cells were exposed for 3 min to 100 μM
processed for Western blot analysis, as detailed in the legend to Fig. 1B.
ubated for a further 7 min in the absence or presence of various concentrations of
lot analysis, as detailed in the legend to Fig. 1B. The blots shown in A, C and D
lative amount of pERK1/2 protein (pERK1/2/ERK1/2 ratio) was quantified by
sent the mean±S.E.M. from three separate experiments. ⁎Pb0.001 as compared
Fig. 3. Orthovanadate prevents dephosphorylation of tyrosine residues induced
by peroxynitrite. (A) Cells pre-exposed for 30 min to 1 mM orthovanadate
(Na3VO4) were treated for 3 min with 100 μM peroxynitrite and incubated for a
further 7 min with or without antimycin A. Cells were then processed forWestern
blot analysis using an antibody against phosphotyrosine (pTyr). The blots were
then stripped and re-probed for total ERK1/2. (B) Cells were treated as indicated
in A and processed for Western blot analysis as detailed in the legend to Fig. 1B.
(C) Cells were treated as indicated in A, incubated for a further 7 min with DHR
in the absence or presence of antimycin A and finally analysed for DHR
fluorescence, as detailed in Materials and methods. The blots shown in A and B
are representative of four separate experiments with similar outcomes. The
relative amount of pERK1/2 protein (pERK1/2/ERK1/2 ratio) was quantified by
densitometric analysis and expressed as % of control. The results shown in
C represent the mean±S.E.M. from four separate experiments. ⁎Pb0.01 as
compared to untreated cells (ANOVA).
496 L. Cerioni, O. Cantoni / Biochimica et Biophysica Acta 1783 (2008) 492–502We next investigated the effects of peroxynitrite in cells pre-
exposed for 6 h to 10 mM ATZ, a treatment leading to a 75%
reduction in catalase activity (Fig. 2B). Under these conditions
a remarkable inhibition of ERK1/2 phosphorylation was
observed after addition of 20 μM peroxynitrite and this res-
ponse was sensitive to exogenous catalase. The boiled enzyme
was however ineffective (Fig. 2A). We also investigated the
effect of enzymatically active catalase in cells exposed to
100 μM peroxynitrite and found that, as observed after rotenone
supplementation, inhibition of ERK1/2 phosphorylation is rea-
dily converted to stimulation (Fig. 2C).
Finally, the inhibitory effects of H2O2 are emphasized by
the observation that 100 μM peroxynitrite does not inhibit, but
rather stimulates, ERK1/2 phosphorylation in respiration-de-
ficient U937 cells. This response was sensitive to levels of
exogenous H2O2 not affecting ERK1/2 phosphorylation in the
absence of additional treatments (Fig. 2D). Importantly, pe-
roxynitrite alone or associated with antimycin A fails to promote
oxidation ofDHR in respiration-deficient U937 cells (not shown).
The above results collectively indicate that low levels of
peroxynitrite cause inhibition of ERK1/2 phosphorylation in
tyrosine residues via a mechanism mediated by mitochondrially
generated H2O2. This response, however, appears to be de-
pendent on the overlap of two opposite events resulting in
activation of phosphorylation and dephosphorylation reactions.
Conditions resulting in prevention of H2O2 formation were
indeed associated with stimulation of ERK1/2 phosphorylation.
3.2. A role for H2O2-dependent activation of orthovanadate-
sensitive tyrosine phosphatases
The results illustrated in Fig. 3A (left panel) were obtained using
an anti-phosphotyrosine antibody and indicate that peroxynitrite
(100 μM), alone or associated with antimycin A, promotes tyrosine
dephosphorylation of proteins with an apparent molecular weight
of 44 and 42 kDa. These bands most likely correspond to ERK1/2,
as indicated by the results obtained after re-probing the membrane
with an ERK1/2 antibody (Fig. 3A, right panel). The results
reported in Fig. 3A, however, provide the additional important
information that dephosphorylation is a more general response
affecting the entire population of proteins resolved by the gel. The
observation that sodium orthovanadate (1 mM), a well-known
inhibitor of protein tyrosine phosphatases [27], prevents depho-
sphorylation and actually causeswidespread stimulation of tyrosine
phosphorylation strongly suggests that the inhibitory response
mediated by peroxynitrite involves activation of protein tyrosine
phosphatase(s). Similar results were obtained when the cell lysates
were blottedwith an antibody recognizing the phosphorylated form
of ERK1/2 (Fig. 3B). Under these conditions, as well as in those
previously employed (Fig. 3A), orthovanadate failed to produce
significant effects in the absence of additional treatments.
As a final note, the effects of orthovanadate were not de-
pendent on the scavenging of peroxynitrite since the inhibitor
failed to affect the DHR fluorescence response mediated by
peroxynitrite alone or associated with antimycin A.
These results imply the involvement of orthovanadate-sen-
sitive tyrosine phosphatase(s) in the overall regulation of ERK1/2 phosphorylation resulting from exposure to peroxynitrite. In
particular, peroxynitrite appears to promote ERK1/2 phosphor-
ylation, as previously observed in other cell types [18–21],
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triggering an overwhelming phosphatase activity.
3.3. Implications for the effects of H2O2 at the early steps of the
survival signaling
Having previously shown that ERK1/2-dependent phosphory-
lation is required for the survival signaling preventing peroxynitrite
toxicity [16,17], and that mitochondrially generated H2O2
promotes toxicity via inhibition of this signaling [8], we attempted
to establish a relationship between activation of protein tyrosine
phosphatases and inhibition of the survival signaling.
The survival signaling is based on the sequential activation of
cPLA2 and 5-LO [1–4], both enzymatic activities requir-
ing ERK1/2 phosphorylation [16,17]. This notion is also es-Fig. 4. Antimycin A inhibits AA release and 5-LO activation mediated by peroxynitrit
exposed to rotenone or orthovanadate (Na3VO4), subsequently treated for 3 min with
A or 50 μM PD98059. [3H]AA release was then determined as detailed in the Materi
processed for the assessment of lipoxygenase activity (B) or LTB4 levels (C), as deta
A (except for those conditions associated with exposure to rotenone) and then proces
are representative of three separate experiments. The results shown in A, B and C repr
compared to untreated cells (ANOVA).tablished by the peroxynitrite-dependent stimulation of AA
release (that under these conditions reflects the extent of cPLA2
activation) [1,4,8] and hydroxyperoxide formation (that under
these conditions reflects the extent of 5-LO activation) [16,17]
sensitive to PD98059 (50 μM), an inhibitor of ERK1/2 phos-
phorylation (Fig. 4). Interestingly, antimycin A partially reduced
AA release and suppressed hydroxyperoxide formation, thereby
reproducing the effects of PD98059, via a mechanism(s) entirely
dependent on enforced H2O2 formation. The effects of antimycin
A, unlike those mediated by PD98059, were indeed sensitive to
rotenone, that under identical conditions preventsH2O2 formation
(Fig. 1A) and the ensuing inhibition of ERK1/2 phosphorylation
(Fig. 1B). The inhibitory effects of antimycin A, unlike those of
PD98059, were also prevented by orthovanadate (Fig. 4A and B).
Under identical conditions, we also measured the intracellulare via an orthovanadate-sensitive mechanism. (A) [3H]AA-labelled cells were first
100 μM peroxynitrite and finally incubated for 7 min with or without antimycin
als and methods section. (B and C) Cells were treated as indicated in A and then
iled in the Materials and methods section. (D) Cells were treated as indicated in
sed for Western Blot analysis using an antibody against 5-LO. Blots shown in D
esent the mean±S.E.M. from five separate experiments. ⁎Pb0.05, ⁎⁎Pb0.01 as
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combined action of 5-LO and leukotriene A4 hydrolase, and
obtained results (Fig. 4C) in line with those discussed above
(Fig. 4B). Finally, the results illustrated in Fig. 4D indicate that
antimycin A, as well as PD98059, suppresses the nuclear
translocation of 5-LO mediated by peroxynitrite and that only
the inhibitory response brought about by the complex III inhibitor
is prevented by orthovanadate.
These results are therefore consistent with the notion that the
effects of antimycin A are mediated by H2O2-dependent ac-
tivation of tyrosine phosphatase(s) resulting in ERK1/2 de-phosphorylation and in the ensuing inhibition of cPLA2 and
suppression of 5-LO activities.
3.4. Implications for cytotoxicity
The results illustrated in Fig. 5A indicate that, as we previous-
ly shown [1–9], a 60 min exposure to 100 μM peroxynitrite fails
to promote U937 cell death. This treatment, however, promotes
an early (10 min) Bax mitochondrial translocation followed by
(60 min) an extensive lethal response in cells supplemented with
either antimycin A or PD98059. As previously observed in the
assays for cPLA2 and 5-LO activities (Fig. 4), orthovanadate
prevented the effects of antimycin A with hardly any effect on
the responses mediated by the inhibitor of ERK1/2 phosphoryla-
tion. Orthovanadate (not shown) also failed to prevent toxicity
mediated by peroxynitrite (100 μM) associated with inhibitors
of 5-LO, AA861 (1 mM) [28] or five lipoxygenase activating
protein, MK886 (1 mM) [29].
Finally, orthovanadate prevented the early (10 min) decrease
in mitochondrial membrane potential and mitochondrial loss of
cytochrome c and AIF (Fig. 5B) taking place prior to death oc-
curring after addition of peroxynitrite to antimycinA-supplemented
cells.
These results provide compelling evidence indicating that
the mechanism whereby H2O2 mediates toxicity in cells ex-
posed to peroxynitrite involves activation of tyrosine phos-
phatases that, by promoting ERK1/2 dephosphorylation, cause
inhibition of critical early steps of the survival signaling, i.e.
cPLA2 and 5-LO activities.
4. Discussion
The present work fills an important gap left by our pre-
vious studies showing that: i) mitochondrially generated H2O2
is critically involved in U937 cell death mediated by pe-
roxynitrite [8,9]; ii) the effects of H2O2 are dependent on
upstream inhibition of the survival signaling triggered by ac-
tivation of cPLA2/5-LO [8]; iii) ERK1/2 phosphorylation, whileFig. 5. Antimycin A promotes toxicity, preceded by mitochondrial Bax trans-
location, and mitochondrial loss of cytochrome c and AIF, after exposure to
otherwise non-toxic concentrations of peroxynitrite: reversal by orthovanadate.
(A) Cells were first exposed to orthovanadate (Na3VO4), subsequently treated
for 3 min with 100 μM peroxynitrite and finally incubated for 57 min with or
without antimycin A or PD98059. Cytotoxicity was then determined using the
trypan blue exclusion assay. Cells treated as detailed above with a post-treatment
incubation of only 7 min were processed to obtain the mitochondrial fraction for
Western blot analysis using an antibody against Bax. Blots were then washed
and re-probed for HSP-60. (B) Cells were first exposed to orthovanadate,
subsequently treated for 3 min with 100 μM peroxynitrite and finally incubated
for 7 min with 50 nM Mito Tracker Red CMXRos in the absence or presence of
antimycin A. Cells were then processed for the assessment of mitochondrial
membrane potential, as indicated in the Materials and methods section. In some
experiments, the cells treated as indicated above (without Mito Tracker Red
CMXRos) were processed to obtain the mitochondrial fraction for Western blot
analysis using antibodies against cytochrome c and AIF. The blots were then
washed and re-probed for HSP-60. Blots are representative of three separate
experiments with similar outcomes. Results represent the mean±S.E.M. from
four separate experiments. ⁎Pb0.01 as compared to untreated cells (ANOVA).
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[16,17].
We first showed that the inhibitory effect of peroxynitrite on
ERK1/2 phosphorylation is the consequence of two overlapping
and opposite events. Indeed, as observed in other cell types
[18–21], peroxynitrite would stimulate ERK1/2 phosphoryla-
tion also in U937 cells, but this event is not detected because
of the H2O2-dependent activation of tyrosine phosphatase(s)
resulting in ERK1/2 dephosphorylation.
The involvement of H2O2 in the peroxynitrite-dependent
inhibition of ERK1/2 phosphorylation and the otherwise sti-
mulatory effects of peroxynitrite were established by the fol-
lowing criteria: i) there was a direct relationship between the
extent/rate ofH2O2 formation and the level of inhibition of ERK1/
2 phosphorylation (Fig. 1); ii) depletion of catalase remarkably
lowered the threshold concentration for the effects of peroxyni-
trite (Fig. 2); iii) rotenone or catalase, which respectively abolish
H2O2 formation or cause its degradation, did not simply prevent
inhibition of phosphorylation but actually caused enhanced
ERK1/2 phosphorylation (Figs. 1 and 2); iv) peroxynitrite did
not inhibit, but rather stimulated ERK1/2 phosphorylation in
respiration-deficient cells (Fig. 2), that are resistant to H2O2
formation [9,10], and this stimulatory response was sensitive to
the addition of otherwise inactive concentrations of H2O2.
The above findings rule out the possibility that inhibition
of ERK1/2 phosphorylation is a consequence of impaired tyrosine
kinase activity, since enhanced phosphorylation is rather observed
when the formation of H2O2 is suppressed. In addition, inhibition
of tyrosine phosphorylation does not appear to be restricted to
ERK1/2 and is in fact a general response observed in numerous
other proteins (Fig. 3A). Finally, a widely used tyrosine phos-
phatase inhibitor [27], orthovanadate, converted the above H2O2-
dependent effects to hyperphosphorylation, as in those experi-
ments in which the formation of endogenousH2O2 was prevented
with rotenone or by the respiration-deficient phenotype, or when
H2O2wasmetabolized by exogenous catalase (Figs. 1 and 2). The
effects of orthovanadate were apparent under conditions in which
formation of H2O2 mediated by peroxynitrite alone or associate
with antimycin Awas unaffected.
In summary the above results collectively indicate that, while
being a stimulus for ERK1/2 phosphorylation, peroxynitrite
nevertheless leads to tyrosine dephosphorylation of a variety of
proteins, including ERK1/2, because of the parallel mitochondrial
formation of H2O2 leading to activation of protein tyrosine
phosphatases. Thus, consistent with the reported activation in
different cell types [18–21], peroxynitrite is a potential stimulus
for ERK1/2 phosphorylation also in U937 cells. Our results
strongly suggest that the level of ERK1/2 phosphorylation is
indirectly controlled by mitochondrial H2O2 generated via a
process tightly regulated by the extent of complex III inhibition
and by the availability of Ca2+ [10,14]. Since the mitochondria of
U937 cells exposed to peroxynitrite mainly accumulate Ca2+
deriving from the ryanodine receptor [14], resistance to H2O2
formation, and to the ensuing activation of tyrosine phosphatases,
may therefore be restricted to cell types that do not express the
ryanodine receptor. More generally, cell types that do not produce
H2O2 in response to peroxynitrite are likely to respond withenhanced ERK1/2 phosphorylation, at least up to concentrations
leading to complete inhibition of complex III. These conditions
are indeed expected to abolish the requirement of Ca2+ for
maximal superoxide/H2O2 formation [15].
The notion that H2O2 mediates tyrosine phosphatase activa-
tion is however in contrast with the results from numerous studies
reporting stimulation of ERK1/2 phosphorylation via different
mechanisms, including inhibition of tyrosine phosphatases
[30,31]. On the other hand, a direct comparison of our results
with those from studies investigating the effects of reagent H2O2
is not appropriate since our experiments deal with the effects of
small amounts of endogenous H2O2 in cells exposed to exo-
genous peroxynitrite. In other words, we describe an effect
mediated by physiopathological amounts of H2O2 in cells in
which structure and function of proteins involved in signal
transduction are presumably altered by nitration/oxidation re-
actions driven by peroxynitrite. An additional consideration is
that U937 cells, a promonocytic cell line, share with monocytes/
macrophages all critical steps of the signaling pathway promoting
survival to peroxynitrite [3,4,6,17]. It is not so surprising that
inflammatory cells, producing large amounts of toxic species at
the inflammatory sites, trigger signaling pathways differing from
those of other cell types, as target cells in the tissues.
We speculate that the H2O2-dependent tyrosine phosphatase
activation in response to peroxynitrite bears important implica-
tions for the regulation of cell survival. Indeed, as indicated in
the Introduction section, peroxynitrite commits U937 cells to
MPT-dependent death, however prevented by a signaling ini-
tiated by two enzymes, cPLA2 and 5-LO [1–4], requiring
ERK1/2-dependent phosphorylation for their activation [16,17].
Under this perspective the mitochondrial formation of H2O2
might impair the survival signaling via suppression of ERK1/2-
dependent phosphorylation.
We employed two simple assays providing under our con-
ditions an estimate of the activities of cPLA2 [1,4,8] and 5-LO
[16,17] in response to peroxynitrite. It was found that both
antimycin A and PD98059 significantly reduce cPLA2 acti-
vity whereas the activity of 5-LO is completely suppressed
(Fig. 4A and B). Consistently, antimycin A and PD98059 abo-
lished LTB4 formation (Fig. 4C) and the nuclear 5-LO trans-
location (Fig. 4D) mediated by peroxynitrite. These results
indicate that enforced H2O2 formation mimics the effects of
direct inhibition of ERK1/2 phosphorylation on cPLA2 and 5-LO
activities. In addition, the observed sensitivity to rotenone or
orthovanadate (Fig. 4) restricted to the antimycin A-supple-
mented cells would imply the involvement of H2O2 activated
protein tyrosine phosphatases.
Thus, while further emphasizing the selectivity of the effects
mediated by orthovanadate, the above findings indicate that
the H2O2-mediated inhibition of cPLA2 and 5-LO activities is
entirely ascribable to activation of tyrosine phosphatases and
to the ensuing ERK1/2 dephosphorylation. As a consequence,
it appears that U937 cells lose their ability to prevent commitment
to MPT mediated by peroxynitrite when H2O2 is being generated
at levels causing significant activation of tyrosine phosphatases.
Prior to specific discussion in this direction, however, the
following considerations are necessary to fully appreciate the
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sine phosphatases, ERK1/2 phosphorylation and cPLA2/5-LO
activities. In particular, one may ask how can 100 μMperoxynitrite
inhibit ERK1/2 phosphorylation and stimulate cPLA2 and 5-LO
activities via mechanisms requiring ERK1/2-dependent phosphor-
ylation (Fig. 4). The effect of this concentration of peroxynitrite
is indeed the result of overlapping events leading to both tyrosine
phosphorylation and dephosphorylation (Fig. 3), with the latter
prevailing over the other with time dependence (Fig. 1D) allowing
early cPLA2 and 5-LO activation (Fig. 4). The slow rate of H2O2
formation (Fig. 1C) is therefore permissive for the triggering of
the survival signaling. Supplementation of antimycin A, how-
ever, remarkably accelerates the rate of H2O2 formation (Fig. 1C),
thereby leading to rapid inhibition of ERK1/2 phosphorylationFig. 6. Mechanism whereby H2O2 inhibits the survival signaling preventing death of U
MPT-committing concentration of peroxynitrite sequentially stimulates cPLA2 and
phosphorylation. It is important to note that, under these conditions, the parallel for
dephosphorylation, concealing the otherwise stimulatory effects of peroxynitrite but n
Downstream products of 5-LO metabolism promote the mitochondrial translocation o
and Bax. These conditions, while preventing the heterodimerisation with other memb
Bcl-XL). Cells therefore survive since MPT is prevented. (B) Upstream inhibition of
protein kinase Cα) causes the mitochondrial translocation of Bad and Bax thereby pr
rapid MPT-dependent necrotic death. The same events are triggered by intrinsically t
associated with bona fide inhibitors of complex III and, under both conditions, are
mitochondrially generated H2O2. Under these conditions, the rates of H2O2 formatio
leading to early ERK1/2 dephosphorylation associated with inhibition of the surviv(Fig. 1D), a condition reducing or abolishing the activity of res-
pectively cPLA2 or 5-LO (Fig. 4).
Thus, it appears that activation of tyrosine phosphatases be-
comes critical for suppression of the survival signaling only under
conditions of early H2O2 formation. Consistently, inhibition of
tyrosine phosphatases prevented the H2O2-dependent lethal res-
ponse, as it was previously shown for prevention of H2O2 for-
mation [8,9]. We indeed found that the mitochondrial Bax
translocation and the ensuing death mediated by peroxynitrite
under conditions of enforced H2O2 formation, unlike those pro-
moted by PD98059, were sensitive to orthovanadate (Fig. 5A).
Consistently, the protein tyrosine phosphatase inhibitor also
prevented the decline in mitochondrial membrane potential
and mitochondrial loss of cytochrome c and AIF resulting from937 cells committed to MPT by peroxynitrite. (A) A non-toxic but nevertheless
5-LO activities via mechanisms critically regulated by the extent of ERK1/2
mation of H2O2 promotes weak/slow tyrosine phosphatase-dependent ERK1/2
evertheless allowing sufficient cPLA2 and 5-LO activation to promote survival.
f protein kinase Cα, an event associated with the cytosolic accumulation of Bad
ers of its family, allow the full expression of the anti-MPT function of Bcl-2 (or
the survival signaling (e.g. using pharmacological inhibitors of cPLA2, 5-LO or
eventing the anti-MPT effects of Bcl-2 (or Bcl-XL). These conditions promote a
oxic levels of peroxynitrite or otherwise non-toxic concentrations of the oxidant
also attributable to upstream inhibition of the survival signaling mediated by
n and activation of protein tyrosine phosphatase(s) are extremely rapid thereby
al signaling at the cPLA2/5-LO levels.
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employed indeed leads to MPT-dependent necrosis [8,9,15].
These results collectively demonstrate that H2O2-depen-
den activation of protein tyrosine phosphatases entirely accounts
for the H2O2-dependent toxicity in U937 cells exposed to per-
oxynitrite. As a corollary, the previously established notion [8]
that the effects of H2O2 are mediated by inhibition of the survival
signaling, and have hardly anything to do with direct damage to
target biomolecules, is further emphasized.
We can now provide a model (Fig. 6) summarizing the
events promoting and limiting U937 cell survival to peroxynitrite.
5-LO activation appears to be critical for the triggering of down-
stream events leading to optimal conditions for the anti-MPT
function of Bcl-2 (or Bcl-XL) [4,17]. It follows that upstream
events involved in 5-LO activation, as ERK1/2-dependent phos-
phorylation, represent critical steps for the regulation of the
signaling preventing toxicity in cells committed to MPT by pero-
xynitrite [16,17]. Under this perspective, ERK1/2 represents a
highly regulated master regulator of the survival signaling, finely
tuned by the balance between tyrosine kinase-dependent phos-
phorylation, directly triggered by peroxynitrite, and tyrosine
phosphatase-dependent dephosphorylation, mediated by mito-
chondrial H2O2. We believe that this regulatory mechanism
described in U937 cells is most likely relevant for cells belonging
to the monocyte/macrophage lineage, including monocytes and
macrophages. Indeed our previous work demonstrated that the
same critical steps regulating U937 cell survival are also operative
in monocytes and macrophages [3,4,6] including the ERK1/2-
mediated activation of cPLA2 and, in particular, 5-LO [17]. We
can therefore speculate that the H2O2-dependent regulation of
tyrosine phosphatase activity bears important consequences for
the regulation of inflammation. ERK1/2 dephosphorylation may
indeed impact on the survival of inflammatory cells thereby re-
solving inflammation via the progressive loss of these cells at the
inflammatory sites. To this end, it appears obvious that an array of
components of the inflammatory milieu will likely contribute to
the regulation of ERK1/2 phosphorylation via enforced depho-
sphorylation, e.g. exogenous H2O2, or via enhanced phosphoryla-
tion, e.g. pro-inflammatory cytokines/growth factors affecting
tyrosine kinase activity via receptor-mediated activation [19,32].
The outcome of these events will indirectly affect the monocyte/
macrophage survival signaling via stimulation/inhibition of
ERK1/2 phosphorylation.
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